. Activation of any one of the that allows for the recognition and discrimination of chemultiple receptors in one cell will lead to chemoattracmosensory information in the environment. Humans, for tion, whereas activation of receptors in a second cell example, are thought to recognize over 10,000 discrete will result in chemorepulsion (Troemel et al., 1997). The odors with exquisite discriminatory power such that specific neural circuit activated by a given sensory neusubtle differences in chemical structure can often lead ron is therefore the determinant of the behavioral reto profound differences in perceived odor quality. What sponse. Thus, this invertebrate olfactory sensory system mechanisms have evolved to allow the recognition and retains the ability to recognize a vast array of odorants discrimination of complex olfactory information, and but has only limited discriminatory power. how is olfactory perception ultimately translated into Vertebrates create an internal representation of the appropriate behavioral responses? external olfactory world that must translate stimulus feaThe recognition of odors is accomplished by odorant tures into neural information. Despite the elucidation of receptors that reside on olfactory cilia, a specialization a precise spatial map, it has been difficult in vertebrates of the dendrite of the olfactory sensory neuron. The to discern how this information is decoded to relate the odorant receptor genes encode novel serpentine receprecognition of odors to specific behavioral responses. tors that traverse the membrane seven times. In several Genetic analysis of olfactory-driven behavior in invertevertebrate species, and in the invertebrate Caenorhabbrates may ultimately afford a system to understand the ditis elegans, as many as 1000 genes encode odorant mechanistic link between odor recognition and behavreceptors, suggesting that 1%-5% of the coding potenior. Insects provide an attractive model system for tial of the genome in these organisms is devoted to the studying the peripheral and central events in olfaction recognition of olfactory sensory stimuli (Buck and Axel, because they exhibit sophisticated olfactory-driven be- insects and results in discernible modifications in the § Present address:
1998). It may therefore be possible to associate modifications in defined olfactory connections with in vivo paradigms for learning and memory.
Olfactory recognition in the fruit fly Drosophila is accomplished by sensory hairs distributed over the surface of the third antennal segment and the maxillary palp. Olfactory neurons within sensory hairs send projections to 1 of 43 glomeruli within the antennal lobe of the brain (Stocker, 1994; Laissue et al., 1999) . The glomeruli are innervated by dendrites of the projection neurons, the insect equivalent of the mitral cells in the vertebrate olfactory bulb, whose cell bodies surround the glomeruli. These antennal lobe neurons in turn project to the mushroom body and lateral horn of the protocerebrum (reviewed in Stocker, 1994) . 2-deoxyglucose mapping in the fruit fly (Rodrigues, 1988) and calcium imaging in the honeybee (Joerges et al., 1997; Faber et al., 1998) demonstrate that different odorants elicit defined patterns of glomerular activity, suggesting that in insects, as in vertebrates, a topographic map of odor quality is represented in the antennal lobe. However, in the absence of the genes encoding the receptor molecules, it has not been possible to define a physical basis for this spatial map.
In this study, we identify a large family of genes that are likely to encode the odorant receptors of Drosophila melanogaster. Difference cloning, along with analysis family of putative odorant receptor genes may afford insight into the logic of olfactory perception in Drosophila. mRNAs whose expression is restricted to either the antenna or the maxillary palp. Briefly, 5000 inserts from an antennal/maxillary palp Results cDNA library were prescreened (see Experimental Procedures) and then subjected to Southern blot hybridizaCloning Candidate Odorant Receptors tion with cDNA probes from antennal/maxillary palp, In initial experiments, we isolated a cDNA encoding a head minus antenna/maxillary palp, or virgin female putative odorant receptor by a difference cloning stratbody mRNA (see Figure 1 ). This Southern blot hybridizaegy designed to detect cDNA copies of mRNA present tion (or reverse Northern) to candidate cDNAs allows at extremely low frequencies in an mRNA population.
for the detection of sequences present at a frequency In the antenna and maxillary palp, about 30% of the of 1 in 100,000 in the probe, a sensitivity about 100-fold cells are olfactory neurons. If each neuron expressed greater than that of plaque screening (see Experimental only 1 of a possible 100 different odorant receptor genes Procedures). This procedure led to the identification of at a level of 0.1% of the mRNA in a sensory neuron, multiple antennal/maxillary palp-specific cDNAs that then a given receptor mRNA would be encountered at were analyzed by DNA sequencing and in situ hybridizaa frequency of 1 in 300,000 in antennal mRNA. If 100 tion. One cDNA, dor104 (for Drosophila odorant recepdifferent receptor genes were expressed, then the entire tor) (Figure 1, lane 9) , encodes a putative seven transfamily of receptor genes would be represented at a fremembrane domain protein with no obvious sequence quency of 1 in 3000 mRNAs. We therefore introduced similarity to known serpentine receptors (Figure 3) . In experimental modifications into standard difference cloning to allow for the identification of extremely rare situ hybridization revealed that this cDNA anneals to If this gene family encodes putative odorant receptors in the fly, we might expect that other members of the These observations suggested that dor104 might be one member of a larger family of odorant receptor genes family in addition to dor104 would also be expressed in olfactory sensory neurons. We therefore performed in within the Drosophila genome. However, we were unable to identify additional genes homologous to dor104 situ hybridization to examine the pattern of receptor expression of each of the 11 additional members of by low stringency hybridization to genomic DNA and cDNA libraries or upon analysis of linked genes in a the gene family in adult and developing organisms. In Drosophila, olfactory sensory neurons are restricted to genomic walk. We therefore analyzed the Drosophila genome database for families of multiple transmemthe maxillary palp and third antennal segment. Figure 4G ). We have not detected 
Spatially Defined Patterns of Receptor Expression
The mixture of dor53, dor67, dor62, dor87, and dor64 labels a total receptor genes, dor64 and dor87, expressed in interspersed cells in the distal antenna are expressed in
The Size and Organization of the Odorant different neurons. Antisense RNA probes for the two Receptor Gene Family genes were labeled with either digoxigenin-or FITCHow large is the family of odorant receptor genes in UTP and were used in pairwise combinations in in situ Drosophila? Unlike vertebrate odorant receptors, which hybridization to sections through the Drosophila anshare 40%-98% sequence identity at the amino acid tenna. Although these two genes are expressed in overlevel, the fly receptors are extremely divergent. The exlapping lateral-distal domains, two-color in situ hybridtent of sequence similarity between receptor subfamilization reveals that neurons expressing dor64 do not ies ranges from 20%-30%. The maxillary palp receptor express dor87; rather, each gene is expressed in distinct dor104 is the most distantly related member of the famcell populations (Figures 5D and 5E ). Taken together, ily, with about 17% identity to the other receptor genes. these data suggest that olfactory sensory neurons within Inspection of the receptor sequences suggests that the antenna are functionally distinct and express differSouthern blot hybridizations, even those performed at ent complements of odorant receptors. At the extreme, low stringency, are unlikely to reveal multiple additional the experiments are consistent with a model in which members of a gene family. In accord with this, Southern individual neurons express only a single receptor gene.
blot hybridization with receptor probes dor24, dor62, Our differential cloning procedure identified one addiand dor72, performed at either high or low stringency, tional gene, A45, which shares weak identity (24%) with reveals only a single hybridizing band following cleavage the dor gene family over a short region (93 amino acids). of genomic DNA with three different restriction endonuThis gene, however, does not appear to be a classical cleases (Figures 7C-7E ). The two linked clusters of remember of the dor family: it is far more divergent and ceptors contain genes with a greater degree of sesignificantly larger than the other family members (486 quence conservation and define small subfamilies of amino acids). This gene is expressed in all olfactory receptor genes. A cluster of three receptors, dor71, sensory neurons (data not shown). If A45 does encode dor72, and dor73, is located at map position 33B1-2. a divergent odorant receptor, then it would be present The antennal receptors dor72 and dor73 are 55% identiin all sensory neurons along with different complements of the more classical members of the dor gene family.
cal, and both exhibit about 30% identity to the third gene at the locus, dor71, which is expressed in the 200 genes. However, significant errors in our estimates could result from bias in the nature of the sequences maxillary palp. dor67 and dor53, members of a second subfamily, reside within 1 kb of each other at map posirepresented in the 10% of the Drosophila genome analyzed to date. In situ hybridization experiments demontion 22A2-3 and exhibit 76% sequence identity. Not surprisingly, these two linked genes cross-hybridize at low strating that each of the receptor genes labels from 0.5%-1.5% of the olfactory sensory neurons are in acstringency. Southern blots probed with either dor67 or dor53 reveal two hybridizing bands corresponding to cord with the estimate of 100 to 200 receptor genes. Several divergent odorant receptor gene families, the two genes within the subfamily but fail to detect additional subfamily members in the chromosome (Figeach encoding seven nal/maxillary palp library. All sequencing was with ABI cycle seclones were isolated and their inserts amplified by PCR with T3 and quencing kits, and reactions were run on ABI 310 or 377 sequencing T7 primers, and approximately 3 g of DNA was electrophoresed systems. on 1.5% agarose gels. Gels were blotted to Hybond-Nϩ (AmerFive micrograms of Oregon R genomic DNA isolated from whole sham), filters were UV-cross-linked, and the resulting Southern blots flies were digested with BamHI, EcoRI, or HindIII, electrophoresed were subjected to reverse Northern analysis using complex probes on 0.8% agarose gels, and blotted to Nitropure nitrocellulose memgenerated from virgin female body mRNA. Approximately 500 clones branes (Micron Separations Inc.). Blots were baked and annealed not hybridizing with virgin female body probes were identified and with 32 P-labeled probes derived from cDNA probes of dor53 and consolidated onto secondary Southern blots in triplicate. These dor67 or PCR fragments from dor24, dor62, and dor72. Hybridization blots were probed with cDNA probes derived from antennal/maxilwas at 42ЊC for 36 hr in 5ϫSSCP, 10ϫ Denhardts, 500 g/ml herring lary palp, head minus antenna/maxillary palp, and virgin female body sperm DNA, and either 50% (high stringency) or 25% (low strinmRNA. A total of 210 clones negative with head minus antenna/ gency) formamide (Sambrook et al., 1989) . Blots were washed for maxillary palp and virgin female body probes and strongly positive, 1 hr in 0.2ϫSSC, 0.5% SDS at 65ЊC (high stringency), or 1ϫSSC, weakly positive, or negative with antennal/maxillary palp probes 0.5% SDS at 42ЊC (low stringency). were further analyzed by sequencing and in situ hybridization.
Analysis of Drosophila Genome Project Sequences
In Situ Hybridization for Transmembrane Proteins RNA in situ hybridization was carried out essentially as described All Drosophila genomic sequences were batch downloaded in April (Schaeren-Wiemers and Gerfin-Moser, 1993). This protocol was 1998 from the Berkeley Drosophila Genome Project (Berkeley Dromodified to include detergents in most steps to increase sensitivity sophila Genome Project, unpublished). Genomic P1 sequences were and reduce background. The hybridization buffer contained 50% first analyzed with the GENSCAN program (Burge and Karlin, 1997; formamide, 5ϫSSC, 5ϫ Denhardts, 250 g/ml yeast tRNA, 500 g/ http://CCR-081.mit.edu/GENSCAN.html), which predicts intronml herring sperm DNA, 50 g/ml heparin, 2.5 mM EDTA, 0.1% exon structures and generates hypothetical coding sequences Tween-20, and 0.25% CHAPS. All antibody steps were in the pres- For double labeling with a neuronal marker, animals of the genoto the NCBI nonredundant protein database using BLAST analysis type C155 elav-Gal4; UAS-lacZ were sectioned and first hybridized (Altschul et al., 1990 (Altschul et al., , 1997 were eliminated. All scripts required for with a digoxigenin-labeled antisense dor104 RNA probe and develthese computations were written in standard ANSI C and run on a oped as described above. Neuron-specific expression of LacZ SUN Enterprise 3000.
driven by the elav-Gal4 enhancer trap was visualized with a polyOf 229 novel Drosophila proteins with three or more predicted clonal rabbit anti-␤-galactosidase antibody (Organon-Technika/ transmembrane-spanning regions, 35 showed no clear sequence Cappel), visualized by a goat anti-rabbit Alexa 488-conjugated secsimilarity to any known protein and were selected for further analysis ondary antibody (Molecular Probes), following preincubation with by in situ hybridization. Probes for in situ hybridization were genernormal goat serum. ated by RT-PCR using antennal/maxillary palp mRNA as a template.
The proportion of neurons in the third antennal segment was calculated by comparing the number of nuclei staining with the 44C11 ELAV monoclonal antibody (kindly provided by Lily Jan) and Map Positions of dor Genes The chromosome position of dor104 was determined by in situ those staining with TOTO-3 (Molecular Probes), a nucleic acid counterstain, in several confocal sections of multiple antennae. On averhybridization of a biotin-labeled probe to salivary gland polytene chromosome squashes as described (Amrein et al., 1988) .
age, 36% of the nuclei in the antenna were ELAV positive. 
